Abstract
Introduction

26
The challenge of this work was to evaluate the effect of the pH on the β-galactosidase 27 microencapsulation process, by a spray drying technique. We propose the use of a 28 modified chitosan to encapsulate the enzyme β-galactosidase, which has a very important 29 role in health and industry [1] [2] [3] [4] [5] [6] . 30 Many people experienced gastrointestinal disorders including abdominal distention, 31 cramps, flatulence, and/or watery stools after the ingestion of milk or milk products, 32
caused by a β-galactosidase deficient. Most people with this problem are not able to digest 33 lactose well, they are discouraged from consuming milk, and by this way may lose a 34 major source of calcium and high-quality proteins from their diets. For these lactose-35 intolerant people, hydrolyzed-lactose milk, cultured dairy products and sweet acidophilus 36 milk that include microbial organisms producing β-galactosidase have been 37 recommended as milk substitutes [7] . However some questions have been reported by 38 some authors about these options. For example the hydrolyzed-lactose milk for lactase-39 deficient subjects has a sweeter taste than whole milk [7, 8] . 40 Encapsulation of β-galactosidase can be a solution. Microencapsulation can provide a 41 physical barrier between the core compound and other components of the product. For 42 example, the microencapsulation in liposomes, which can segregate β-galactosidase from 43 lactose in milk under storage conditions. In this strategy of microencapsulation, lipid 44 vesicles are carriers for the β-galactosidase enzymes, protecting them [7] [8] [9] . In such a 45 lipid vesicle assisted lactose hydrolysis process, the entrapped enzyme is added to milk 46 and is released into the stomach by the presence of bile salts, allowing an 'in situ' 47 degradation of lactose [7, 8] . 48 An important factor in the microencapsulation process is the choice of an encapsulating 49 agent, which is very important for the encapsulation efficiency and microcapsule stability. 50 
Experimental
Experimental conditions -Spray-drying process
88
The same type of procedure (methodology and operational conditions) was followed for 89 all the types of microparticles prepared. All the solutions were prepared with deionised 90 water at room temperature. Water soluble chitosan 1% (w/v) solutions were prepared with 91 different pH (5.2, 6, 7. 8 and 9), after 2 hours agitation at 1200 rpm. The pH of the chitosan 92 solution was adjusted with hydrochloric acid for different pH values. 93
A solution with a concentration of enzyme (0.1 mg mL -1 ) was prepared from stock 94 solution in phosphate buffer 0.08 M at pH 7.7. To the enzyme stock solution BSA was 95 added to obtain a final concentration of 1 mg BSA mL -1 . BSA is used to stabilize some 96 enzymes and to prevent adhesion of the enzyme to reaction tubes, pipet tips, and other 97 vessels. 98
The solution containing the enzyme (5 mL) was added and mixed with the chitosan 99 aqueous solution (25 mL) at constant agitation speed of 1200 rpm, during 10 min at room 100 temperature. 101
The five prepared chitosan-enzyme solutions (with different pH) were spray-dried using 102 a spray-dryer BÜCHI B-290 advanced (Flawil, Switzerland) with a standard 0.5 mm 103 nozzle. The spray-drying conditions, solution and air flow rates, air pressure and inlet 104 temperature were set at 4 mL min -1 (15%), 32 m observed. The final moisture content of the particles was around 6%, and the product 151 yield was 35% [27] . In this work the inlet temperature is lower (115 ºC) increasing the 152 probability of obtaining low product yields. At low temperatures the deposition of 153 particles on the cylinder or/and on the cyclone wall was observed, leading to a lower 154 product yield. On the other hand the particles formed are very small, and the efficiency 155 of the cyclone to separate small particles decreases, some of them being aspirated with 156 the air leaving the spray dryer. The sample volume was small (30 ml) implying also higher 157 relative losses. 158
The prepared microparticles were characterized and the enzymatic activity was evaluated. . The isoelectric point of β-galactosidase is around 4.6 [30] . 184
Chitosan is a positive polymer in acidic solutions, and its positive potential decreases with 185 increasing solution pH [29] . In experimental works with α-galactosidase (isoelectric 186 point also 4.6), the positive potential of α-galactosidase decreased when the pH was 187 increased from 3.0 to 4.5, after which the repellent force between chitosan and α-188 galactosidase weakened. [ 
29] 189
In this work a modified chitosan was tested, which is a less positive polymer in acid 190 solutions than the normal chitosan; on the other hand β-galactosidase from a bacterial 191 source was used, these enzymes acting better between pH 6.0-7.0. So, our kinetic results 192 will be obtained for a combination of factors. 193
For the free enzyme, in a previous study [23] , the highest value of the enzyme activity 194 was obtained at pH 6.8, which is in agreement with results obtained by other authors [31] . 195
In Figure 3, to the active center of the enzyme, by this way the activity of the enzyme will decrease. 209 So, different pH will influence the structure of the enzyme and of the encapsulating agent 210 and the type of interactions between them and as referred before, the pH of the solution 211 will affect the strength of the interaction between chitosan and β-galactosidase. 212
For each β-galactosidase reaction curve, the initial velocity was calculated, and the 213 Lineweaver-Burk linearization was performed to determine the Michaelis-Menten 214 parameters (Figure 4) . 215
The Michaelis-Menten parameters were determined for the microencapsulated 216 formulations with different pH and are presented in Table 1 . The values related to the free 217 enzyme have already been determined by the authors [26] . 218
The parameter Vmax, representing the maximum reaction rate at a given enzyme 219 concentration, decreased its value after microencapsulation process thus confirming what 220 has been observed by other authors [26, 33] . Some active centres are likely to be blocked 221 after microencapsulation, which reduces the reaction rate, causing the decrease of the 222 maximum reaction velocity. The highest value of the Vmax was obtained from the 223 microencapsulated β-galactosidase formulation obtained at pH 6, being more than four 224 times higher than the Vmax obtained from the formulations produced with different pH 225 ( Figure 5 ). However, this value is smaller than the Vmax obtained with the free enzyme 226 [26] . 227
The parameter Km was associated to the affinity between the enzyme and the substrate. The β-galactosidase immobilization on chitosan was studied by Carrara and Rubiolo [34] . 235
These authors obtained chitosan beads of 2.2 mm diameter, bigger than the microparticles 236 that we obtained in this work. The higher activity value of the immobilized enzyme 237 compared with those of the free β-galactosidase is only 10.7% of the free enzyme values. 238
In our study, for a microencapsulation process at pH 6, the enzyme keeps 55% of the 239 activity of the free enzyme. A different pH provoked a decrease in the activity of the 240 enzyme. 241
After six months storage at controlled ambient conditions (4ºC), a small decrease in 242 enzyme activity was observed, as described in a previous work [23] , and no significant 243 differences in the appearance, color, and particle size distribution were identified. 
Conclusion
251
The main objective of this work was to study the influence of pH in the β-galactosidase 252 microencapsulation process, with a modified chitosan through a spray-drying process. 253 β-galactosidase microparticles with an average diameter smaller than 3.5 μm and in 254 general a regular shape were obtained. 255
The parameters of Michaelis-Menten were calculated for all the β-galactosidase 256
formulations. The value of Km decreases with the decrease of the pH, which can be related 257 to an increase of the affinity between the enzyme and substrate to smaller pH´s. 258
The highest value of the Vmax was obtained for the microencapsulated β-galactosidase 259 formulation obtained at pH 6, being more than four times higher than the Vmax obtained 260 for the formulations produced with different pH. However this value is smaller than the 261
Vmax obtained with the free enzyme. For a microencapsulation process at pH 6, the 262 enzyme keeps 55% of the activity of the free enzyme. 
